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The outcome of the interaction betweenMycobacte-
rium tuberculosis (Mtb) and a macrophage depends
on the interplay between host defense and bacterial
immune subversion mechanisms. MicroRNAs criti-
cally regulate several host defense mechanisms, but
their role in the Mtb-macrophage interplay remains
unclear. MicroRNA profiling of Mtb-infected macro-
phages revealed the downregulation of miR-let-7f in
a manner dependent on the Mtb secreted effector
ESAT-6. We establish that let-7f targets A20, a feed-
back inhibitor of the NF-kB pathway. Expression of
let-7f decreases and A20 increases with progression
of Mtb infection in mice. Mtb survival is attenuated in
A20-deficient macrophages, and the production of
TNF, IL-1b, and nitrite, which are mediators of im-
munity to Mtb, is correspondingly increased. Further,
let-7f overexpression diminishes Mtb survival and
augments the production of cytokines including
TNF and IL-1b. These results uncover a role for let-
7f and its target A20 in regulating immune responses
to Mtb and controlling bacterial burden.
INTRODUCTION
Mycobacterium tuberculosis (Mtb) infects approximately a third
of the world’s population, causing about 1.7 million deaths annu-
ally (Dye andWilliams, 2010). Mtb may remain dormant within its
host for long periods of time, reactivating under favorable cir-
cumstances. A failing immune response has been linked to sus-
ceptibility to tuberculosis. The success of Mtb as an intracellular
pathogen rests largely on its ability to subvert the innate immuneCell Hodefense system of the host macrophage. Reprogramming of the
host transcriptome occurs as a consequence of the encounter
between Mtb and host macrophages, allowing the expression
of immune-related genes. Noncoding RNAs play an important
role in this process. MicroRNAs (miRNAs) belong to a class of
noncoding RNAs that have been firmly established as regulators
of immune homeostatic mechanisms. These are differentially
induced in macrophages treated with virulent versus avirulent
bacteria (Cremer et al., 2009; Rajaram et al., 2011), suggesting
that miRNAs are likely to influence the outcome of the encounter
between the macrophage and the microbe.
MiRNAs are single-stranded RNAs (approximately 22 nucleo-
tides in length) that posttranscriptionally regulate gene and/or pro-
tein expression (Chen and Rajewsky, 2007; He andHannon, 2004;
O’Connell et al., 2012). MiRNAs are integral components of
signaling pathways that control immune homeostasis by tuning
the output of immune signaling pathways. The miRNA-mRNA
network is species, cell, and context specific, and is dynamically
regulated as a function of time in response to environmental trig-
gers. A specific host miRNA response has been documented
in the context of infection with intracellular bacteria such asmyco-
bacteria, Listeria monocytogenes, Francisella tularensis, and Sal-
monellaenterica (Maudetet al., 2014;StaedelandDarfeuille,2013).
Toll-like receptor (TLR) signaling needs to be tightly regulated
in order to avoid a prolonged inflammatory response and to allow
tissue repair after infection and injury. MiRNAs are important reg-
ulators of TLR signaling. TLR ligands such as LPS differentially
regulate a set of miRNAs including miR-21, miR-146a/b, and
miR-155 (Androulidaki et al., 2009; Ceppi et al., 2009; Liu et al.,
2009; O’Connell et al., 2007; Taganov et al., 2006; Tang et al.,
2009; Tili et al., 2007). The strong initial response of macro-
phages to LPS is tuned down by miRNAs which feedback on
inflammatory signaling pathways, leading to the activation of
transcription factors such as NF-kB (O’Neill et al., 2011).
In order to prevent unwanted or chronic inflammatory re-
sponses, the duration and termination ofNF-kBsignals are tightlyst & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevier Inc. 345
controlled. Modification of NF-kB signaling proteins by K48-
linked ubiquitination serves as a mark which destines these pro-
teins for proteasomal degradation,whereasmodification byK63-
linked ubiquitin chains serves as a positive regulator for signaling
(Liu et al., 2005).K63-linkedubiquitinationof TRAF6 is targetedby
the deubiquitinating enzyme A20, also known as TNF-a-induced
protein 3 (TNFAIP3), attenuating NF-kB signaling (Boone et al.,
2004, Heyninck et al., 1999). A recent report, however, suggests
that the deubiquitinating activity of A20 is dispensable for NF-kB
signaling (De et al., 2014). A20 maintains immune homeostasis
(Onose et al., 2006; Yokota et al., 2008). A20-deficient mice are
characterized by severe inflammation and premature death,
and A20/ MEFs undergo prolonged NF-kB activation in
response to TNF (Lee et al., 2000; Vereecke et al., 2009, 2010).
Here we report that miRNA let-7f-mediated regulation of A20
(TNFAIP3) plays an important role in tuning the immune response
of Mtb-infected macrophages. We demonstrate that downregu-
lation of let-7f during Mtb infection enhances expression of its
target A20, thereby attenuating inflammatory signaling and facil-
itating bacterial survival.
RESULTS
Let-7f Is Downregulated in Mtb-Infected Macrophages
in an ESAT-6-Dependent Manner
In order to elucidate the role of miRNAs in regulating early events
associated with Mtb infection, RAW264.7 cells were infected
with Mtb at an moi of 10. RNA was isolated from infected
macrophages, and miRNA profiles were determined using a
96-well SYBR Green-based miRNA profiling array. A striking
observation was the downregulation of the let-7 family of miR-
NAs (see Table S1 available online). In order to test the biological
relevance of downregulation of the let-7 family of miRNAs in
infection, RAW264.7 cells were transfected with mimics of
some of the the let-7 miRNAs prior to infection with Mtb at an
moi of 10. An Alamar blue assay (Yajko et al., 1995) was per-
formed to assess the survival of Mtb in macrophages at 24 hr
postinfection. The let-7 family has the same seed sequence.
However, it differed in its ability to influence survival of Mtb in
macrophages. The let-7f mimic was the most effective in atten-
uating the survival of Mtb in macrophages (Figure S1). On a
similar note, different let-7 family mimics differentially regulate
IL-10 expression in a T cell model of HIV infection (Swaminathan
et al., 2012). The differential effects could be due to differences in
sequence outside the seed region. However, the exact reason
for these differences needs to be investigated further. Downre-
gulation of let-7f was confirmed by northern blotting and qPCR
in Mtb-infected RAW264.7 cells (Figures 1A, S2A, and S2B).
The downregulation was greater at 24 hr compared to 4 hr post-
infection (Figure 1A). Let-7f was also downregulated in primary
murine bonemarrow-derivedmacrophages (BMDMs) (Figure 1B)
and in human MDMs (Figures S2C and S2D). In order to under-
stand how let-7f is regulated, we checked the levels of primary
(pri-) let-7f transcript. Downregulation of pri-let-7f (Figures 1C
and 1D) following Mtb infection suggested that the regulation
of let-7f occurs at the level of transcription of the precursor.
Expectedly, the level of pre-let-7f was also reduced in Mtb-in-
fected compared to uninfected cells (Figures S2E and S2F).
Several reports have pointed to a role of let-7 family members346 Cell Host & Microbe 17, 345–356, March 11, 2015 ª2015 Elseviein the immune response to pathogens (Chen et al., 2007; Teng
et al., 2013). It therefore appeared likely that the differential regu-
lation of let-7f influences the immune response to Mtb infection.
TheMtb-secreted antigen ESAT-6 is an important determinant of
the virulence of the bacterium. We have shown that the upregu-
lation of miR-155 in Mtb-infected macrophages occurs in an
ESAT-6-dependent manner (Kumar et al., 2012). In view of its es-
tablished role as a modulator of miRNA production during Mtb
infection, we tested whether ESAT-6 plays a role in the differen-
tial regulation of let-7f. The ability of Mtb to downregulate let-7f
was compromised in an esat-6-defective mutant of the bacte-
rium (Figure 1E).M. bovisBCG, which lacks the RD1 genomic re-
gion associated with ESAT-6 synthesis and secretion, was also
unable to downregulate let-7f (Figure S2G), pointing to the fact
that ESAT-6 is likely to be involved in downregulation of let-7f.
This was supported by the observations that BCG carrying
the RD1 genomic region (BCG-2F9) and recombinant ESAT-6
protein were both capable of downregulating let-7f expression
(Figures S2H and S2I, respectively). The association of let-7f
downregulation with this virulence factor encouraged further
investigation into the role of let-7f in Mtb infection.
Let-7 Regulates Survival of Mtb in Macrophages
and Is Downregulated In Vivo after Infection
In order to unambiguously determine the role of let-7f in bacterial
survival, we directly scored for bacterial CFUs in infected
RAW264.7 as well as BMDMs after transfection of cells with
either let-7f mimic or let-7f inhibitor. Survival of Mtbwas compro-
mised in the presence of let-7f mimic (Figures 1F and 1G).
Conversely, survival of Mtb was augmented in cells treated
with let-7f inhibitor (Figures 1H and 1I), supporting the hypothe-
sis that let-7f facilitates survival of Mtb in macrophages. We
tested whether let-7f is differentially regulated during infection
in vivo. Mice were challenged with aerosolized Mtb (at a dose
of z100 CFU/mouse). Let-7f levels were significantly lower in
the lungs of infected mice 9 weeks (Figures 1J and 1K) and
12 weeks (Figures 1L and 1M) postinfection. qRT-PCR con-
firmed the downregulation of let-7f in the lungs of infected
mice (Figure S3A). Differences in expression levels were also
observed in the spleen and lymph nodes of mice at 12 weeks
postinfection (Figures S3B and S3C, respectively).
A20 (TNFAIP3) Is a Target of let-7f
Wenext asked the question of whether the downregulation of let-
7f was linked to the concomitant upregulation of its target genes
inMtb-infectedmacrophages. To investigate this, mRNAprofiles
were generated from the same set of samples as those used for
miRNA profiling, using microarray technology. An integrative
analysis linking mRNA to miRNA was performed using the
MAGIA2 tool (Bisognin et al., 2012). The targets of let-7f were
predicted using Target Scan implemented in the MAGIA query
(not considering the expression data). Subsequently the MAGIA
analysis was performed taking into account the expression data
of differentially regulated mRNAs showing at least 2-fold altered
expression 24 hr postinfection. The list of putative let-7f targets
that were upregulated 24 hr postinfection (Table S3) showed
that let-7f is likely to impact a number of processes and path-
ways that are of importance in immunity. We narrowed our
choice of an let-7f target (for detailed investigation) to moleculesr Inc.
Figure 1. Mtb-Induced Downregulation of let-7f Is Associated with Increased Bacterial Survival
(A, B, and E) Let-7f expression. Downregulation of let-7f was analyzed by northern blotting in RAW 264.7 (A and E) or BMDM (B). Downregulation of let-7f was
compromised when infection was carried out with the DESAT-6 mutant (E) of Mtb. Blots are representative of three independent experiments.
(C and D) Pri-let-7f was analyzed by semiquantitative RT-PCR in infected BMDMs (C) or RAW264.7 (D). The bars in the right-hand panels represent densitometric
analysis of the gels, Results are means ± SD, n = 3.
(F–I) Let-7f downregulation favors bacterial survival in macrophages. Forced expression (F and G) or inhibition (H and I) of let-7f reduced (F and G) or enhanced
(H and I) bacterial survival 24 and 48 hr postinfection, suggesting that Mtb- induced downregulation of let-7f promotes bacterial survival in macrophages. Results
are means ± SD, n = 3.
(J–M) Analysis of let-7f in lungs of infected mice. Mice were infected with Mtb. Let-7f downregulation was observed in lungs at 9 (J and K) and 12 (L andM) weeks
postinfection. Numbers in (J) and (L) represent individual mice. Densitometric analysis of northern blots are presented in (K) and (M). Expression of let-7f was
normalized to that of control RNA (U6). *p < 0.05; **p < 0.01, ***p < 0.001. See also Figures S2 and S3.likely to regulate the innate immune response such as A20, a
regulator of NF-kB signaling. The N-terminal domain of A20
can deubiquitinate K63 polyubiquitination of substrates such
as RIP1, and the C-terminal zinc-finger (ZnF) region subse-
quently acts as an E3 ligase to add the K48 polyubiquitin chain
to RIP1, thereby promoting its proteasomal degradation (Wertz
et al., 2004). We focused on validation of A20 as a bona fide
let-7f target. The 30 untranslated region (UTR) of A20 (predicted
to contain one binding site complementary to the seed sequence
of let-7f shown in Figure 2A) was cloned downstream of the
Firefly luciferase ORF in a reporter vector. This reporter was
transfected in HEK293 cells along with a synthetic let-7f mimic
or a control mimic, and luciferase activity was measured. Lucif-
erase activity was downregulated in the presence of the let-7f
mimic (Figure 2B). The specificity of the regulation of A20 by
let-7f was confirmed by deleting the seed sequence (depicted
in Figure 2A). Downregulation of luciferase activity was not
observed when the binding site of let-7f was deleted in the 30
UTR of A20 (Figure 2B), supporting the view that A20 is a previ-
ously unrecognized target of let-7f. In order to address the ques-
tion of whether the decrease in let-7f regulates A20 through its 30
UTR during Mtb infection, RAW264.7 cells were transfected withCell Hothe 30 UTR reporter of A20 prior to infection with Mtb. Cotrans-
fection of a let-7f mimic caused downregulation of the luciferase
activity in a dose-dependent manner (Figure 2C). The regulation
of theA20 30 UTRwas followed duringMtb infection by transfect-
ing cells with the reporter construct followed by Mtb infection.
The luciferase activity of the A20 30 UTR reporter increased
compared to the luciferase- carrying vector alone (Figure 2D),
in line with the observed decrease in let-7f during infection.
This increase was not observed when the let-7f binding site
was deleted on the 30 UTR (Figure 2D). These results from
Mtb-infected macrophages demonstrate a role of let-7f in regu-
lating A20 levels through its effects on the A20 30 UTR.
The RNA-induced silencing complex (RISC) incorporates
one strand of miRNA. The miRNA acts as a template for binding
complementary sequences (most often located in the 30 UTR) of
mRNA and activates argonaute (Ago). Based on this, we per-
formed immunoprecipitation of the RISC complex (Fasanaro
et al., 2009) enriched for let-7f and its targets. RAW264.7 cells
were cotransfected with a c-Myc-tagged Ago2-expressing
construct and either a control or let-7f mimic. Immunoprecipita-
tion was carried out with Myc-agarose. The level of coimmuno-
precipitated A20was evaluated by qPCR. Significant enrichmentst & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevier Inc. 347
Figure 2. Let-7f Downregulates Its Target TNFAIP3 (A20)
(A) Schematic presentation of base pairing between the 30 UTR of A20 and let-7f.
(B) Let-7f targets the A20 30 UTR. HEK293 cells were transfected with control miRNA or let-7f mimic alongwith either A20 30 UTR wild-type (WT) (left panel) or
mutant (MUT) (right panel) luciferase reporter construct. Luciferase activity wasmeasured 24 hr posttransfection. Unlike thewild-type, the luciferase activity of the
mutant A20 30 UTR was not inhibited by let-7f.
(C and D) Let-7f inhibits Mtb-mediated activation of the A20 30 UTR. RAW 264.7 cells were cotransfected with A20 30 UTR along with different concentrations of
let-7f mimic. Let-7f mimic inhibited Mtb-induced luciferase activity in a dose-dependent manner (C). (D) RAW264.7 cells were transfected with empty vector or
A20 30 UTR (WT orMUT) and left untreated () or infected with Mtb (+). Mtb-induced increase in luciferase activity of the 30 UTR construct was not observed when
a mutant construct was transfected.
(E) Association of let-7f with A20. RAW 264.7 cells were cotransfected with c-myc-Ago2 in the presence or absence of let-7f for 24 hr followed by lysis of cells and
immunoprecipitation with either anti-c-myc-agarose or protein A/G-agarose (ctrl). qRT-PCR confirmed the presence of A20 in the immunoprecipitates of cells
transfected with let-7f. Results are means ± SD; n = 3.of A20 mRNA was observed in immunoprecipitates obtained
from cells transfected with let-7f mimic compared with cells
transfected with control mimic (Figure 2E), suggesting that A20
is a bona fide target of let-7f.
A20 Is Regulated during Mtb Infection
We validated the results of global gene expression profiling by
measuring the expression of A20 by qRT-PCR after Mtb infec-
tion. A20 was transcriptionally upregulated following Mtb infec-
tion of RAW264.7 (Figure 3A). A20 was significantly upregulated
in the spleens of mice, 12 weeks postinfection (Figure 3B), sug-
gesting a likely role of A20 during in vivo infection with Mtb. The
effect of let-7f on the temporal pattern of A20 expression was
evaluated by western blotting. A20 levels increased as a function
of time after infection of RAW264.7 cells (Figure 3C) or BMDMs
(Figure 3E) transfected with control mimic. Quantification of
the western blots confirmed that this enhanced A20 expression
was attenuated in the presence of let-7f mimic both in RAW264.7
(Figures 3D andS3D) and in BMDMs (Figures 3F and S3E). These
results suggest that the downregulation of let-7f likely regulates
A20 expression in Mtb-infected macrophages. Transfection of348 Cell Host & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevielet-7f mimic did not affect the expression of A20 mRNA (Fig-
ure S3F), suggesting that let-7f posttranscriptionally suppresses
the expression of A20 through interaction with its 30 UTR. There
are several similar reports in the literature of miRNAs regulating
their targets at the level of protein but not RNA (Wang et al.,
2013; Zhu et al., 2010). In order to further confirm the direct
involvement of let-7f on A20 expression, we transfected cells
with let-7f inhibitor prior to infection with Mtb. Following infec-
tion, A20 levels were augmented to a greater extent in cells
transfected with let-7f inhibitor compared to cells transfected
with control inhibitor (Figures 3G and 3H), strengthening the
argument that inhibition of let-7f is directly linked to increased
A20 expression in Mtb-infected cells.
Let-7f Regulates NF-kB Activity in Mtb-Infected
Macrophages
In view of the fact that A20 is a feedback inhibitor of NF-kB
signaling, we tested the hypothesis that let-7f regulates the
temporal profile of NF-kB activity by virtue of its inhibitory effect
on A20 expression. Mtb infections were carried out in cells
transfected with a let-7f mimic or control mimic. The nuclearr Inc.
Figure 3. Mtb Infection Modulates the Expression of A20 and NF-kB Activity in a let-7f-Dependent Manner
(A and B) Transcription of A20 is upregulated during Mtb infection. Upregulation of A20was quantitated by qRT-PCR 24 hr postinfection (A). Transcription of A20
was also upregulated in the spleens (B) of infected mice (n = 4).
(C–F) Expression of A20 is regulated by let-7f. Cells were transfected with either control or let-7f mimic and infected with Mtb for different periods of time.
Expression of A20 wasmonitored by immunoblotting with A20 antibody in RAW264.7 (C and D) or BMDMs (E and F); tubulin, loading control transfection with let-
7f mimic led to decreased expression of A20.
(G and H) Mtb infection was carried out in cells transfected with let-7f inhibitor, and A20 expression was monitored in a time-dependent manner. Let-7f inhibition
enhanced A20 expression.
(I) Let-7f regulates NF-kB activity. RAW 264.7 cells showed modulation of NF-kB activity after infection with Mtb. Gradual decrease in NF-kB activity was
observed after 6 hr of infectionwhenRAW264.7 cells were transfected with control mimic. This decrease in NF-kBactivity was reversedwhenmacrophageswere
transfected with let-7f mimic prior to Mtb infection. NF-kB activity was normalized with respect to the activity of uninfected cells and expressed as fold change.
For (A) and (I), results represent means ± SD; n = 3. See also Figure S3.translocation of the p65 subunit of NF-kB was measured as
a readout of NF-kB activation using a p65 ELISA assay. In
RAW264.7 cells transfected with a control mimic, a peak of
NF-kB activity appeared approximately 4 hr after treatment
with Mtb (Figure 3I). When cells were transfected with the let-7f
mimic, however, NF-kB activity increased continuously and
showed significant difference with control mimic-transfected
cells from 8 hr onward after treatment with Mtb (Figure 3I). We
further tested the role of A20 by cotransfection of an NF-kB/
LUC reporter cell line with A20 expression plasmid and let-7f
prior to infection. A20 overexpression (Figure S3G) suppressed
the ability of let-7f mimic to augment NF-kB activity in Mtb-in-
fected cells (Figure S3H), confirming our hypothesis that let-7f-
mediated downregulation of A20 is directly associated with
enhanced NF-kB activity.
A20 Regulates the Expression of Immune Response
Genes during Mtb Infection and the Survival of Mtb
in Macrophages
In order to gain insight into the role of A20 in the regulation of the
innate immune response, a-bioinformatic analysis of the A20
interaction network was performed using STRING 9.1 (Szklarc-
zyk et al. 2011), and 129 genes were selected. Functional asso-
ciation of the selected A20-interacting genes was performed
using EnrichNet (Glaab et al., 2012). In silico analysis showed
six highly enriched processes (involving 72 genes) which areCell Homost affected after Mtb infection. These include regulation of in-
flammatory processes and cell death (Figure S4). Since these are
intimately linked to the outcome of infection, this suggested the
likely importance of A20 in immune signaling in Mtb-infected
macrophages. The interactions between the above 72 genes
were analyzed, and the resulting network is shown in Figure S5.
Betweenness centrality is a measure of the number of shortest
paths from all vertices to all others that pass through the node
in question, and is a useful measure of the load share of a
node and its importance in the network. TNF was among the no-
des with high betweenness centrality. Several other cytokines
and chemokines also appeared in the A20 network suggesting
that A20 is an important regulator of the innate immune
response. We tested the role of A20 by measuring the release
of selected cytokines and chemokines in the context of Mtb
infection in wild-type and A20/ macrophages generated
from myeloid-specific A20 knockout mice. The results clearly
showed that the release of IL-1b, IL-6, TNF, KC, MIP-2, and
MCP-1 from Mtb-infected macrophages was enhanced in the
absence of A20 (Figure 4). We propose that increased NF-kB ac-
tivity in the absence of A20 contributes to the enhanced levels of
these cytokines and chemokines. Collectively, these data clearly
suggest that A20 is an important regulator of the macrophage
response to Mtb infection.
The survival of Mtb in infectedmacrophageswas attenuated in
the absence of A20 (Figure 5A), suggesting that A20 facilitatesst & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevier Inc. 349
Figure 4. A20 Dampens Release of Cyto-
kines and Chemokines from Mtb-Infected
Macrophages
BMDMs from A20+/+ and A20/ mice were in-
fected with Mtb for 24 and 48 hr. The release of
cytokines (TNF, IL-1b, and IL-6) and chemokines
(KC, MCP-1, and MIP-2) was enhanced in the
absence of A20. Results represent means ± SD
(n = 3). UI, uninfected.the survival of Mtb in macrophages. Nitrite has classically been
considered as a biologically inert metabolite of nitric oxide
(NO) oxidation, and nitrite measurements have been considered
to directly correlate with NO production arising from the activa-
tion of inducible nitric oxide synthase 2 (iNOS or NOS2) in mac-
rophages. Nitrite also serves as a physiological storage pool of
NO that can be reduced to bioactive NO under hypoxic condi-
tions (Shiva, 2013). Nitrite release was enhanced following Mtb
infection in the absence of A20 (Figure 5B), suggesting that the
effect of A20 on bacterial survival could be linked to regulation
of nitrite levels. Nitrite can be produced by the host as well as
by Mtb itself (Cunningham-Bussel et al., 2013). Let-7f mimic
simultaneously enhanced the levels of iNOS (Figures 5C–5F)
and release of nitrite in infected cells compared to cells trans-
fected with control mimic (Figures 5G and 5H). The extent of
enhancement of nitrite release in cells cotransfected with let-7f
mimic and control siRNA was higher compared to cells cotrans-
fected with let-7f and nos2 siRNA (Figures 5I and 5J). This
suggested that host iNOS plays a role in the let-7f-dependent
regulation of nitrite in infected macrophages. In order to test
the role of iNOS in regulating macrophage bactericidal activity,
we analyzed the effect of knockdown of nos2 on Mtb survival
in macrophages. We have already shown that let-7f mimic in-
hibits Mtb survival in macrophages (Figure 1). Cotransfection
of nos2 siRNA with let-7f mimic increased Mtb survival in macro-
phages compared to cells cotransfected with control siRNA and
mimic (Figures 5K and 5L), suggesting that let-7f-mediated regu-
lation of host iNOS plays a role in Mtb survival in macrophages.
Let-7f Regulates the Expression of Innate Immune
Response Genes
A Taqmanmouse immune array was used to analyze the effect of
let-7f on the global innate immune response. A selected list of350 Cell Host & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevier Inc.genes that were differentially regulated
in let-7f-transfected RAW264.7 infected
with Mtb (Table S4) shows that let-7f reg-
ulates the transcription of a number of cy-
tokines and chemokine genes, strength-
ening our contention that let-7f is a
regulator of the macrophage response
to Mtb infection. Several of these genes
also appeared as nodes in the A20 inter-
action network (Figure S5). The enhanced
expression of genes that are essential
for an appropriate pathogen-limiting
immune response in let-7f transfected
RAW264.7 supported our view that
downregulation of let-7f is a responsethat favors establishment of infection. We next analyzed the
effect of let-7f on the production of some cytokines and chemo-
kines of the A20 network followingMtb infection. Let-7f transfec-
tion was associated with enhanced production of IL-1b, TNF,
KC, and MCP-1 release in both RAW264.7 (Figure 6) and
BMDMs (Figure 7). IL-6 production was expectedly diminished,
considering that let-7f targets the 30 UTR of IL-6 (Schulte et al.,
2011). MIP-2 release was not significantly different. The effect
of let-7f was further confirmed by the fact that Mtb-mediated
release of cytokines was significantly reduced when macro-
phages were transfected with let-7f inhibitor (Figures 6G, 6H,
7G, and 7H). Enhanced production of the inflammatory cytokines
TNF and IL-1b in the presence of let-7f mimic was blocked when
an A20 expression plasmid was cotransfected with the mimic
(Figure S6), suggesting that let-7f exerts its effect primarily
through its ability to inhibit A20. This view was confirmed by
testing the effect of let-7f on inflammatory cytokine production
after knocking down A20. Silencing of A20 augmented TNF
and IL-1b release in infected cells (Figure S7). Transfection of
let-7f mimic in A20-silenced cells did not lead to further increase
in TNF or IL-1b production, supporting the view that let-7f aug-
ments inflammatory cytokine release by inhibiting A20. The pro-
duction of inflammatory mediators such as TNF serves dual
functions regulating both disease susceptibility and resistance.
Roca and Ramakrishnan (2013) have demonstrated, using the
zebra fish as amodel, that TNF-triggeredmitochondrial ROS kills
M. marinum, yet at the same time, the accompanying necrosis
facilitates dissemination of bacteria into a favorable extracellular
milieu. Let-7f could therefore have a dual role in disease progres-
sion by virtue of its regulatory effect on cytokine production.
Based on the premise that nitrite levels correlate with the pro-
duction of NO, we propose that the downregulation of let-7f dur-
ingMtb infection tunes down iNOS and hence NO levels favoring
Figure 5. Role of A20 and iNOS in Mtb Survival in Macrophages
(A) Bacterial survival is compromised in BMDMs lacking A20. Results are means ± SD (n = 3). Comparisons have been made between CFUs from wild-type and
A20/ macrophages at each time point.
(B) Following Mtb infection, the release of NO from BMDMs, measured by the accumulation of nitrite, was significantly enhanced in the absence of A20.
(C–H) Expression of iNOS (C–F) and nitrite production (G and H) is regulated by let-7f. BMDMs (C and D) or RAW 264.7 (E and F) were transfected with either
control or let-7f mimic and infected with Mtb for different periods of time. Expression of iNOS was monitored by immunoblotting with iNOS antibody. Nitrite was
measured in the supernatants (G and H) at the indicated time points. Blots are representative of two independent experiments.
(I–L) iNOS regulates Mtb-dependent nitrite production and bacterial survival. Cells were cotransfected with let-7f mimic along with either control or nos2 siRNA
followed by infection with Mtb and assay of nitrite (I and J) or bacterial survival (K and L) at different periods of time. Results (G–L) represent means ± SD; n = 3. UI,
uninfected.bacterial survival. Taken together, these results confirm that let-
7f regulates the immune response to Mtb infection of macro-
phages through its target A20 (Figure 7H).
DISCUSSION
Successful pathogens such asMtb have the ability either to blunt
the arsenal of host defense mechanisms or to exploit the ma-
chinery in order to establish infection within the host. Upregula-
tion of miRNAs influences processes such as autophagy and
apoptosis during mycobacterial infection (Ghorpade et al.,
2012; Wang et al., 2013). No studies have, however, focusedCell Hoon how suppression of endogenous levels of miRNAs during
mycobacterial infection influences the production of antibacte-
rial effectors or bacterial survival. We report a regulatory network
in which the miRNA let-7f targets a negative regulator of NF-kB
signaling. miRNA profiling revealed that the let-7 family of miR-
NAs is downregulated in Mtb infection. Focusing on let-7f, we
have performed an integrated miRNA-mRNA analysis from the
transcriptome of infected macrophages. The downregulation of
let-7f is associated with the concomitant upregulation of a num-
ber of its putative targets, suggesting that it is an important node
in the microRNA regulatory network that governs the immune
response to Mtb infection.st & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevier Inc. 351
Figure 6. let-7f Regulates Cytokine and Chemokine Release in Mtb-Infected RAW264.7
Cells were transfected with control or let-7f mimic (A–F) or let-7f inhibitor (G and H) followed by infection with Mtb for different periods of time. Assays were
performed with supernatants. Results represent means ± SD; n = 3. BDL, below detection limit; UI, uninfected. See also Figures S6 and S7.Considering that NF-kB is a prominent regulator of inflamma-
tion and immunity (Karin, 2006), we focused on the putative let-7f
target A20, an important feedback regulator of NF-kB-driven
gene expression. Our study validates A20 as a bona fide let-7f
target and demonstrates that the activity of an A20 30 UTR re-
porter plasmid is suppressed in Mtb-infected macrophages in
the presence of a let-7f mimic. The upregulation of A20 in Mtb-
infected macrophages was suppressed in the presence of a
let-7f mimic and enhanced when cells are transfected with let-
7f inhibitor prior to infection, suggesting that the Mtb-induced
suppression of let-7f is associated with enhanced expression
of A20. At the same time, transfection of the let-7f mimic was
associated with enhanced NF-kB activity (Figure 3F), suggesting
that regulation of A20 by let-7f likely tunes NF-kB activity during
Mtb infection. Attenuation of let-7f-mediated rise in NF-kB activ-
ity during Mtb infection upon overexpression of A20 suggested a
direct role of the let-7f-A20 pathway in regulating NF-kB activity
during infection.
In silico analysis of the A20 interaction network showed that
genes for cytokines such as TNF and IL-1b, which are key regu-
lators of the immune response, are nodes in the A20 interaction
network, providing the motivation to test the role of A20 in Mtb
infection. A20-depletedmacrophages infected withMtb showed
higher levels of production of NF-kB-dependent cytokines and
nitrite compared to wild-type macrophages. A20 has been re-352 Cell Host & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevieported to control the response to infection by viruses such as
influenza virus (Maelfait et al., 2012) and measles virus (Yokota
et al. 2008) and by parasites such as Leishmania donovani (Sri-
vastav et al., 2012). Our observations now add a further layer
of complexity to this fine-tuning of the immune response to infec-
tion, by adding an miRNA-dependent mechanism of regulation
of A20. We hypothesize that the Mtb-driven suppression of let-
7f leads to enhanced A20 expression and concomitant reduction
of NF-kB activity (Figure 7H). This suppresses the production of
cytokines and chemokines that are required for mounting an
effective immune response to the pathogen. The observed sup-
pression of nitrite production likely facilitates the survival of Mtb
in macrophages. Our hypothesis is supported by our observa-
tions that transfection of the let-7f mimic prior to infection is
associated with an increase in production of NF-kB-dependent
immune effectors, similar to that observed in A20-deleted mac-
rophages. Our findings demonstrate an unappreciated role of
let-7f downregulation in favoring pathogen-driven subversion
of the innate immune response.
The extent of disease severity in tuberculosis is determined not
only by bacterial burden but also by the degree to which inflam-
matory responses are controlled. Cytokines such as IL-1b and
TNF serve as double-edged swords. These are essential for erad-
ication of the pathogen, yet their productionmust be controlled in
order to avoid undesirable immunopathology. Dorhoi et al. (2013)r Inc.
Figure 7. let-7f Enhances Cytokine and Chemokine Release, and Nitrite Production in BMDMs Infected with Mtb
BMDMswere transfected with control or let-7f mimic (A–F) or let-7f inhibitor (G and H) followed by infection and assays for cytokines or chemokines as described
in Figure 6. Results represent means ± SD; n = 3. BDL, below detection limit; UI, uninfected. (I) Model depicting the cascade of events following Mtb infection
involving sequential downregulation of let-7f; upregulation of A20; and downregulation of NF-kB, selected cytokines, chemokines, and nitrite production. See
also Figure S7.have shown that miR-223 regulates lung recruitment of myeloid
cells and neutrophil-driven lethal inflammation. The regulation
of the production of multiple cytokines and chemokines by the
let-7f-A20 axis thus poses the interesting question of whether it
benefits the host or the bacterium. Taking into account recent re-
ports suggesting that TNF has a dual role in tuberculosis suscep-
tibility and resistance (Roca and Ramakrishnan, 2013) and its
high connectivity in the immune response network, the regulation
of TNF by let-7f-A20 is particularly important. The release of NO is
recognized to be protective against infection by a range of intra-
cellular pathogens. At the same time, NO limits the immunopa-
thology of tuberculosis by virtue of its ability to inhibit the inflam-
mosome (Mishra et al., 2013). Unequivocal evidence of whether
or how let-7f downregulation exacerbates disease by suppress-
ing levels of cytokines such as IL-1b and TNF, and by suppress-
ing the recruitment of myeloid cells to the lung, is still awaited.
However, the decrease in let-7f (Figure 1) as the disease pro-
gresses toward morbidity supports the view that the bacterium
possibly makes gain from the decrease in let-7f expression.
The absence of A20 in macrophages enhances the production
of inflammatory mediators, suggesting that augmented A20
levels in Mtb infection tune down the inflammatory response.
Further, the regulation of nitrite levels by A20 likely plays an
important role in mycobacterial survival in macrophages.
Differential regulation of the let-7 family of miRNAs has previ-
ously been shown to regulate the immune response to infection
(Swaminathan et al., 2012). Based on the observation that the
let-7 family of miRNAs is downregulated during Salmonella
infection of murine macrophages, Schulte et al. (2011) proposed
a paradigm of howmiRNAs facilitate posttranscriptional feedfor-Cell Howard activation of inflammatory factors to mount an offensive on
invading pathogens. They suggested that repression of let-7 mi-
croRNAs alleviates repression of host defense responses, such
as production of IL-6, and is therefore a host beneficial conse-
quence of recognition of PAMPs such as LPS. Our study shows
that the downregulation of let-7 could, in a context-specific
manner, offer an advantage to the pathogen. Such exploitation
of the host miRNA response could be a common thread across
mycobacterial species. miR-21 is a member of the family of miR-
NAs that is upregulated in response to TLR signaling tomount an
appropriately tuned immune response to environmental triggers
such as pathogens. However, the recent report by Liu et al.
(2012) clearly shows that miR-21 inhibits the pathway leading
to the synthesis of antimicrobial peptides, and is associated
with lepromatous leprosy caused by Mycobacterium leprae.
Our own earlier study demonstrated that the ESAT-6-dependent
upregulation of miR-155 elicited by Mtb in macrophages could
aid bacterial survival in macrophages (Kumar et al., 2012). Other
groups have shown that the differential regulation of miR-99b in
murine dendritic cells treated with Mtb serves as an immune
evasion strategy employed by the bacterium (Singh et al.,
2013). These studies provide reference points for further in-
vestigation into understanding the complex regulation of innate
immune signaling by miRNAs in the context of mycobacterial
infection. Our studies in Mtb-infected macrophages support
the view that miRNA regulation may tilt the balance in favor of
the pathogen (Figure 7H). It is tempting to speculate that tar-
geted intervention of miRNA regulated processes could provide
attractive host-directed therapies for management of mycobac-
terial diseases.st & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevier Inc. 353
EXPERIMENTAL PROCEDURES
Bacterial Strains
Mtb strain H37Rv and H37Rv Desat-6, M. bovis BCG, and BCG:2F9 carrying
the RD1 genomic region were grown as described by Kumar et al. (2012). De-
tails of infection, chemicals, and antibodies are provided in the Supplemental
Information.
Ethics Statement
PBMCs were isolated from anonymized blood from healthy donors in Linko¨p-
ing in accordance with the guidelines of the local ethics committee and the
declaration of Helsinki. A consent for research use of the donated blood was
obtained from all donors. Animal experiments were approved by the institu-
tional Animal Ethics Committees of the National Jalma Institute, Agra India,
and the Bose Institute, Kolkata, India.
Cell Culture and Transfections
RAW264.7, HEK293, BMDMs, and human MDMs were cultured and trans-
fected with Lipofectamine 2000 or DharmaFECT 2. For details, see Supple-
mental Information.
Bacterial CFU Determinations and Infection in Mice
Infected cells were lysed in distilled water with 0.06% SDS. Serial dilutions of
homogenates were plated on 7H11 agar plates supplemented with 10%
OADC and incubated at 37C for 3–4weeks. CFUswere calculated in triplicate
using standard procedures.
miRNA and mRNA Profiling
RNAs were extracted from infected or uninfected cells using mirVana miRNA
isolation kit (Ambion) according to the manufacturer’s instruction. The expres-
sion levels of miRNAs were measured using an SA Biosciences miRNA
profiling array in 96-well format. For microarray analysis, see Supplemental
Information.
Western Blotting and Northern Blotting
See Supplemental Information.
Generation of Luciferase Constructs and Luciferase Assays
The A20 30 UTR was cloned in pmiReport. Site-directed mutants were gener-
ated by overlap extension PCR. For experimental validation of the A20 30 UTR
as a target of let-7f, cotransfections of 30 UTR construct, b-galactosidase ex-
pressing construct, and let 7f mimic (or control mimic) were carried out in
HEK293 cells using Lipofectamine 2000. After 24 hr of transfection, cells
were lysed and luciferase activity was measured on 96-well black plates in a
Victor3 Microplate reader (PerkinElmer). Readings were normalized for trans-
fection efficiency by assaying for b-galactosidase activity. For details, see
Supplemental Information.
Cytokine ELISAs
RAW264.7 and BMDMs were infected with Mtb for the indicated periods of
time, and equal volumes of control and infected culture supernatants cleared
by centrifugation were assayed by ELISA. ELISA kits were purchased fromRay
Biotech (TNF, IL-6, KC and MIP-2) or e-Biosciences (MCP-1, IL-1b). The con-
centration of each cytokine was calculated against a standard curve.
Nitrite Assays
For NO (nitrite) measurements, RAW264.7 or BMDMs were infected with Mtb
in DMEM for 24 hr. Control and infected supernatants were used for the
measurement of nitrite using Griess reagent (Invitrogen), according to the
manufacturer’s instructions. Absorbance was read at 540 nm in an ELISA
reader, and the concentrations of nitrite were calculated against a standard
curve.
Infection of Mice
Mice were purchased from the Central Drug Research Institute, Lucknow, and
were infected by aerosol inhalation of Mtb at the National Jalma Institute for
Leprosy and other Mycobacterial Diseases, Agra. Effective infection was
confirmed by harvesting the lungs from mice 1 day after infection, followed354 Cell Host & Microbe 17, 345–356, March 11, 2015 ª2015 Elsevieby determination of cfu. Animals were euthanized after 0, 3, 6, 9, and 12 weeks
of infection. Lungs, spleen, and lymph nodes were isolated and homogenized
in Trizol, and total RNA was isolated.
Statistical Analysis
Statistical analyses were performed using GraphPad Prism 5 software. Data
have been expressed as means ± SD. Two-tailed Student’s t test was used
when comparing two groups; *p < 0.05; **p < 0.01; ***p < 0.001.
ACCESSION NUMBERS
Data sets can be found in the NCBI Geo Database under accession number
GSE64427.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, four tables, and Supple-
mental Experimental Procedures and can be found with this article at http://
dx.doi.org/10.1016/j.chom.2015.01.007.
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